Nomenclature

I
= current, A κ n;p = average thermal conductivity of the n-and p-type materials, W∕m · K n = number of legs of each p-type and n-type material P out = electrical power output, W Q H = heat at the hot side of the thermoelectric, W R block-Ag = thermal interface resistance between the copper block and Ag foil, mm 2 K∕W R block-CNT-foil = thermal interface resistance between the copper block and substrate foil with carbon nanotubes, mm 2 K∕W R block-foil = thermal interface resistance between the copper block and substrate foil, mm 2 K∕W R foil = internal thermal resistance of the substrate foil, mm 2 K∕W R foil-Ag = thermal interface resistance between the substrate foil and Ag foil, mm 2 K∕W R foil-CNT-Ag = thermal interface resistance between the substrate foil with carbon nanotubes and Ag foil, mm 2 K∕W R int = internal electrical resistance of the thermoelectric module, Ω R load = electrical load resistance, Ω S n;p = Seebeck coefficient for n-and p-type legs, V∕K T C = cold side temperature, K T H = hot side temperature, K V OC = open circuit voltage, V ΔT = temperature gradient across thermoelectric module, K γ = aspect ratio of thermoelectric legs η = thermoelectric efficiency I. Introduction I N 2010, 56% of the energy generated in the United States was rejected, most of which was in the form of waste heat resulting from powerplant and vehicle operations, totaling to over 54 quadrillion British thermal units wasted.
† † Thermoelectric (TE) modules can convert a portion of this unused heat into usable electricity. These modules operate on the fundamental principle of the Seebeck effect in which a temperature gradient generates electrical power. When united together with any system that expels waste heat, these modules are a clean energy source in that they generate electricity by using no additional natural resources. In much recent research, the TE community has focused on increasing the ZT figure of merit [1] [2] [3] [4] ; however, system-level optimization is also required for practical use of TE modules. In particular, the model developed by Yazawa and Shakouri found that the maximum power converted by a TE module is indirectly proportional to the sum of the thermal resistance in the insulating materials around the TE functional material and the thermal resistance external to the module, including the thermal interface resistance [5] . Similarly, but the TE refrigeration modules, Pettes et al. predicted that with a tenfold decrease in contact conductance of the interconnects, peak heat removal capability of the device suffers by at least 10% [6] . The importance of appropriate interfacial thermal and electrical resistance is addressed in the TE review paper by Zebarjadi et al. [7] . The current work focuses on decreasing the thermal interface resistance between the TE module and the opposing heat source or heat sink to harvest waste heat most efficiently.
Thermal interface materials (TIMs) are used to increase thermal conductance across the interface between two materials and conventionally include solders, greases, thermal pads, thermal pastes, and phase change materials. However, recent research has elucidated the potential for vertically aligned carbon nanotube (CNT) arrays synthesized on an insertable substrate to reduce thermal interface resistance. An insertable CNT TIM has the benefit of ease of use in industry. It effectively adds an additional interface; however the performance of the CNT array is such that the thermal transport is enhanced enough to compensate for and provide additional enhancement above the thermal resistance due to the added interface. Much of the research conducted thus far has focused on CNT TIM applications in electronic packaging to enhance cooling; however, these materials could benefit TE operation as well.
Here we include a brief literature review of the thermal interface resistance with basic CNT arrays and insertable nanostructured TIMs: works most relevant to the current application. However, for more detailed instruction on CNTs and thermal transport therein, interested readers should consult [8, 9] . Thermal interface resistance values reported for one-sided dry CNT arrays in contact with an opposing surface are 8 [10] , 16 [11] , 20 [12] , and 24 mm 2 K∕W [13] . The thermal interface resistance of a double-sided CNT film on copper foil is reported to be 10 [14] , 12 [15] , and 14 mm 2 K∕W [16] , whereas the resistance of a double-sided CNT film on gadolinium foil is reported to be 65 mm 2 K∕W [17] . In this work the resistance of the double-sided CNT film was measured to be 17 mm 2 K∕W at 276 kPa, which compares well with similar prior results.
Several innovative techniques have been adopted to decrease these numbers further; these approaches typically involve additive materials that are not stable at elevated temperatures and thus would not be successful in this application. Xu K∕W [20] . This list is not exhaustive; many inventive configurations that include vertically aligned CNTs and CNFs can be found in [9, [21] [22] [23] , and throughout the literature. Note that these thermal interface resistance values may not be directly comparable because they differ in substrate materials, contacting surface materials and properties, and measurement techniques. Current techniques include the steady-state onedimensional reference bar, laser flash, photoacoustic, 3ω, thermoreflectance, and infrared microscopy [24] .
The thermal conductivity of a single multiwall carbon nanotube (MWCNT) has been measured in the expansive range of 42-3000 W∕mK; however, because many MWCNTs act in parallel in an array configuration, the effective conductivity decreases to 12-83 W∕mK according to measured values in the literature [25] . For a polymer nanocomposite consisting of vertically aligned CNTs that have been mechanically densified Marconnet et al. reported an effective conductivity up to 4.87 W∕mK [9] . The thermal enhancement that results from the application of CNT arrays appears to be primarily due to increased surface contact area [26] . Inherent roughness in the opposing surfaces creates microscale gaps that inhibit phonons from traveling across an interface; however, vertically oriented CNTs serve to bridge that gap. With a CNT TIM in place, the dominant thermal resistance lies at the interface between the opposing surface and the CNT free tips [11] . The thermal performance of CNT arrays can depend on factors such as CNT height, diameter, quality, structure, and chirality; as well as array density, coverage and morphology. Increased control over these factors will be essential for industrial use.
A unique challenge exists for TIMs in TE applications because the operating environment is commonly extreme with high temperatures, corrosive gases, high-and low-frequency vibration, and thermal shock. In vehicle exhaust and power plant applications, TE operation temperatures may be near 600°C and 2000°C, respectively. Amorphous CNTs decompose due to oxidation near 300°C, but increased thermal stability has been achieved [27] . Another important characteristic of an effective TIM, specifically for a TE module, includes mechanical compliance to accommodate the significant coefficient of thermal expansion (CTE) mismatch of the materials on either side of the interface. Thus, the low shear modulus of CNT arrays is ideal [28] . CNTs are known to exhibit remarkably high Young's moduli in the axial direction on the order of 1 TPa [29] , making them very stiff. They also have high resilience, readily returning back to the original shape after a load is released [30] . Mechanical testing via a laser Doppler method showed that the inplane modulus of a vertically aligned CNT array on polysilicon is relatively low, in the range of 8 to 300 MPa, for CNT heights of 0.5 to 100 μm [31] . To address the internal interfaces to a TE module, Gao et al. demonstrated that CNT synthesis is possible on SiGe, a thermoelectric material, and reported thermal resistances from 1.4 to 4.3 mm 2 K∕W [28] . This work may be complemented by the present work to address the possibility of CNT array films at the external interfaces of the TE module as shown in Fig. 1 .
CNT array films fabricated on copper foil and CNFs fabricated on graphitic foil are evaluated here using two techniques. In the first technique, the power output and efficiency of a standard bismuth telluride (Bi 2 Te 3 ) TE module are measured with a CNT array TIM in place on the hot side of the module. These functional performance results are complemented with photoacoustic (PA) thermal conductance experiments to quantify the thermal resistance at the interface.
II. Experimental Techniques
A. Fabrication of Samples
The substrate materials chosen for evaluation are copper foil of 100 μm thickness (Alfa Aesar Puratronic, 99.9999% metals basis) and graphitic foil of 130 μm thickness (GrafTech International GRAFOIL® GTA, through plane thermal conductivity 5 W∕mK). A previously unreported five-layer catalyst system was used on all samples consisting of 10 nm Ti, 100 nm Ni, 30 nm Ti, 10 nm Al, and 5 nm Fe in order from the metal layer directly on the substrate to the outside catalyst metal layer. The first Ti layer promotes adhesion to the substrate and the Ni layer inhibits interdiffusion of Fe catalyst particles into underlying layers. The remaining three layers are wellknown catalyst supports for vertically aligned multiwalled carbon nanotube (MWCNT) arrays. The Al layer promotes nucleation of CNTs by segregating Fe particles during the annealing step of the microwave plasma chemical vapor deposition (MPCVD) process. More uniform CNT coverage was found when thermal vapor deposition was employed in comparison to electron beam deposition; therefore, the catalyst stack on each substrate was deposited by thermal vapor deposition.
Arrays of MWCNTs were synthesized using a SEKI AX5200S microwave plasma vapor deposition system in which methane serves as the carbon source to synthesize the CNTs [32, 33] . On copper foil, the MPCVD process was the following: the substrate was heated to 800°C while annealing in N 2 , followed by CNT synthesis for 2 min in H 2 and CH 4 at a plasma generator power setting of 300 W. For the graphitic foil, the substrate was heated to 600°C while annealing in N 2 followed by synthesis for 3 min in N 2 , H 2 , and CH 4 at a plasma generator power setting of 300 W. Double-sided samples were synthesized by subsequently following the same procedure on the second side. It has been observed that CNF array growth on the graphitic foil is macroscopically more uniform when N 2 is present. We theorize that the N 2 causes defects in the graphitic substrate, aiding in nucleation of the carbon ions. Also, the presence of N 2 aids in producing more ions in the plasma, affecting the plasma coupling with the substrate. A schematic of the resulting structure is shown in Fig. 2 .
B. Characterization of Samples
All samples were imaged using a Hitachi S-4800 field emission scanning electron microscope (FESEM). Compared to CNF arrays on graphitic foil, the CNT arrays on copper foil are shorter, denser, more vertically oriented, exhibit more uniform height, and are much less entangled. These characteristics can be observed in representative images of the arrays shown in Fig. 3 . An approximate volume fraction of each nanoarray was obtained by weighing the sample before and after synthesis, measuring the effective array coverage area from a low magnification FESEM image, and determining the approximate average height with FESEM imaging. The CNTarrays on both the single-sided and double-sided copper foil films had an approximate height of 10 μm and volume fraction of 4.5%. By estimating the density of a single tube to be that of graphite (2060 kg∕m 3 ), the effective density of the CNT array is approximately 93 kg∕m 3 . CNF arrays on graphitic foil were approximately 35-μm-long with a volume fraction of 1.2% and density of approximately 24 kg∕m 3 .
A Titan environmental transmission electron microscope (TEM) imaged a sample of each type. The nanostructures were scraped from their substrates and dispersed by sonication in acetone. From the images displayed in Fig. 4 the nanostructures on copper foil are clearly CNTs, whereas the nanostructures on graphitic foil are CNFs. The CNTs have diameter of approximately 6 nm with 15 walls. The CNFs are significantly larger at 30 nm with a cone-shaped structure. Areas of the CNFs are hollow in the center, whereas other areas appear to have amorphous carbon in the center.
Raman spectroscopic measurements were performed by using 532 nm laser excitation, revealing that the CNFs contain comparatively less defects with a I D ∕I G intensity ratio of 0.14, whereas the CNTs were much more defective with a I D ∕I G intensity ratio of 1.6. As mentioned earlier, N 2 was fed in the MPCVD system during synthesis of CNFs. Therefore, the plasma characteristics (plasma temperature and constituents) might be different from that of CNT growth, for which N 2 was not fed into the plasma. Introduction of N 2 into the MPCVD plasma is well known to increase the graphitic crystallinity in carbon films due to enhanced sp 2 carbon content [34, 35] .
It was previously theorized that TiC forms at the substrate during synthesis, which is in direct contact with CNTs in the final configuration [36] . The formation of TiC leads to a strong thermal connection between the substrate and the CNTs, and thus a low resistance. The presence of TiC in CNTs is confirmed here by timeof-flight secondary ion mass spectrometry (TOF-SIMS). The TOF-SIMS analysis measurements were performed using an IONTOF TOF-SIMS.5 (IONTOF Gmbh, Münster, Germany) mass spectrometer equipped with a bismuth liquid metal ion gun. Spectra were acquired in the positive secondary ion polarity using a high mass resolution setting and the following conditions: 1) primary ion: Bi and 4) acquisition time: 20 s. In the analysis, a pulsed primary ion beam focused on the substrate bombards the surface, causing ion collision processes to occur. Some collisions return to the surface and result in the emission of ionized atoms and atom clusters. By using a very low primary ion flux density, no point on the surface is struck more than once by a primary particle and thus, the surface is said to be static. The information obtained is characteristic of the chemistry of the surface layer. These secondary ions are accelerated into a timeof-flight mass spectrometer where they are mass analyzed by measuring their time of flight from the sample surface to the detector. The highly resolved masses are used to determine the composition at the surface [37] . The resulting analysis is shown in Fig. 5 , which shows a clear presence of TiC and derivatives. The oxides present are a result of oxidation that occurred after synthesis.
Films made for TE efficiency testing were square of area 4 cm 2 , whereas samples made for PA testing were square of area 1 cm 2 . Equivalent samples were fabricated for each testing method at the same synthesis parameters. Although not observed in this study, we note that the sample size may affect the resulting nanostructures; however, it is appropriate to compare the films within each testing method.
C. Thermoelectric Efficiency Testing
An off-the-shelf TE cooling module composed of Bi 2 Te 3 materials and with dimensions 2 cm × 2 cm × 0.4 cm was used for all measurements (Marlow Industries RC3-6-01S). TE energy conversion measurements were performed using a commercially available ULVAC PEM-2 module efficiency measurement system, shown in Fig. 6 . The measurement was performed by establishing a temperature gradient across the TE module via steady-state heat flow. The module is connected to power electronics that supply a continuously variable load resistance, allowing a current vs voltage curve to be generated at each of the predetermined temperature gradients. All measurements were performed under dynamic vacuum to reduce convective heat loss and to ensure module health. The TIMs under investigation were inserted between the heat source and the hot side of the module. The interface material between the cold side of the module and the heat sink was bare graphitic foil for all measurements.
The heat flow into the module was monitored through the heat source by measuring the temperature drop along its length through a series of three thermocouples. The heat source is a Ni block with a cross-sectional area equal to that of the modules. Nonlinearity in the temperature profile is attributed to radiative loss at the exposed surfaces of the block, but was not corrected for in the measurements, as it was assumed to be a common value to all measurements performed. On the cold side of the module is a symmetrically disposed copper block heat sink with an identical cross section, which was used to monitor heat flow rejected from the module by the same method. The cold block was cooled by an external chiller loop set to 20.0°C. Thermocouples are embedded into the heat source and sink blocks in close proximity (1 mm) to the ceramic headers on the hot side and cold side of the module and were used to transduce the temperatures, which provide a measure of the temperature gradient across the module. Transport property data for the TE materials that comprise the module were supplied by Marlow Industries and include the temperature dependence of the Seebeck coefficient, electrical resistivity, and the thermal conductivity.
Polynomial fits to the temperature dependence of these parameters were used in subsequent analysis of the TE module performance. Magnitude and temperature dependence of the Seebeck coefficient is used to estimate the open circuit voltage (V OC ) of the module using the relationship
where S p T and S n T are the temperature dependence of the Seebeck coefficients for the n-and p-type materials, respectively; n is the number of legs of each type of material that comprise the module, and T C and T H are the cold and hot side temperatures of the legs in the module. Note that due to the thermal contact resistance and the thermal resistance of the ceramic header, the temperature differential across the legs will be smaller than that of the module as a whole. Polynomial fits to the thermal conductivity allow a comparison of the heat flow measured to that predicted for the module. However, it was found that due to the large magnitude of the internal electrical contact resistance found in these modules, the electrical resistivity data for the materials offered little insight into the module behavior. Instead, the internal electrical resistance of the modules R int at each temperature gradient was measured by taking the slope of the I-V curve. With the data provided by Eq. (1), the electrical power output as a function of the externally applied load resistance R load was calculated by
Neglecting subtle effects such as the Thompson coefficient, the maximum power output occurs at the condition R load R int . The conversion efficiency η is simply the quotient of the electrical power output P out and the heat delivered to the hot side of the module Q H , which is the sum of the steady-state heat flow due to the temperature differential including Peltier and Joule terms. If we assume that the Joule heating within the TE modules is symmetrically disposed at the hot and the cold side of the junction, Q H can be expressed simply as
where κ n;p is the average thermal conductivity of the n-and p-type materials, γ is their geometrical aspect ratio, ΔT is the temperature gradient, S n;p is the magnitude of the Seebeck coefficient of the nand p-type materials at T H , I is the current flowing in the module, and 2n is the total number of n-and p-type legs in the module. Each thermal interface material was investigated at four different temperature gradients. In the interest of clarity, only the largest temperature gradient results, where the benefit of the TIMs is most demonstrable, are presented.
D. Photoacoustic Technique
In support of the application-oriented TE testing, the thermal interface resistance of the CNT arrays was measured by the PA technique, which has been thoroughly documented by Hu et al. [38] and by Cola et al. [11] . Following these works, a brief description of the method is included here. The sample in question, consisting of any number of layers of material, is below a small cell that is pressurized with He. The surface opposing the CNT array is 25-μm-thick silver foil. An o-ring lies upon the sample to create a gas-tight seal to the cell. A microphone is embedded into the cell, situated properly to measure the acoustic signal emitted from the contents of the cell. A modulated laser beam is focused onto the surface of the sample, inducing a temperature gradient in the sample. Heat is absorbed by a thin 80 nm Ti layer, which coats the silver foil. Heating of the sample causes a change in temperature in the gas layer and ultimately a change in pressure. This periodic change in pressure results in an acoustic signal that is recorded by the embedded microphone and resolved into amplitude and phase measurements. One-dimensional heat conduction relations in the sample layers and thermodynamic relations in the gas layer govern the system. A nonlinear least-squares regression is then used to resolve the interface resistances between layers in the sample. A representation of the thermal network is shown in Fig. 7 , along with the sample configurations that were tested with the PA technique in Fig. 8 . All resistances were determined for the respective single-and doublesided samples.
In a given measurement, uncertainty can arise from the phase shift and estimation of parameters such as the density and height of the nanoarray. The uncertainty associated with measurement of the phase shift of the reference sample (80 nm Ti on quartz) is much greater than that of the sample with the nanoarray and silver foil due to the fact that multi-layer samples exhibiting higher total resistances consequently produce more stable signals. The phase shift of the reference sample can vary 1.0°whereas the nanostructured sample only varies by 0.2°. Therefore, the experimental uncertainty is dominated by the phase shift of the reference sample. The uncertainty corresponding to the nonlinear regression fit of the interface resistance and estimation of the nanoarray density and height fall within the uncertainty produced by the phase shift of the reference sample. Hence, the total uncertainty is estimated by shifting the phase shift of the reference sample by 1.0°.
III. Results and Discussion
Two techniques were used to evaluate the influence of CNT-based TIMs on thermal interface resistance. In the first technique, the TIMs were applied to a TE module, and the resulting efficiency was resolved. This technique was aimed to mimic a system-level scenario. The TE efficiency testing was performed at a loading pressure of 2.45 MPa with the interface material placed on the hot side of the TE module. In the case of the single-sided CNT TIMs, the CNTarray was oriented toward the nickel heat source. The temperature difference across the module in each test was 95°C; the hot side temperature was 120°C and the cold side temperature was 25°C.
Current-voltage curves were generated with each TIM in place and are displayed in Fig. 9 . The slope of all the curves are approximately equal, indicating that the internal resistance of the modules was not affected significantly by the differing TIMs, due largely to the rather weak temperature dependence of the resistivity of the TE materials and module. There is a steady increase in V OC when transitioning from a graphitic foil TIM to copper and finally to the single-and double-sided CNT arrays, which produce the highest V OC for the module. We conclude that the higher V OC observed when CNT TIMs were used is due to the decrease in the thermal contact resistance between the heat source and the TE module, leading to a higher temperature gradient across the TE functional material.
As indicated previously, V OC is a function of the magnitude and temperature dependence of the Seebeck coefficient. To estimate the V OC for the module, Eq. (1) was used in conjunction with both the polynomial fit to the Seebeck coefficients of the n-and p-type materials and the temperatures measured at the bottom of the hot source and the top of the heat sink. The theoretical V OC for the module used in this study is approximately 1.22 V. For the doublesided CNT TIM, the V OC approaches this value. Because CNT arrays are used only at the hot side junction, we expect that the V OC for the module will remain below the calculated value as the cold side junction remains a significant source of thermal contact resistance. The increase in the efficiency of the module can therefore be attributed to the increase in electrical power output with only small changes in the heat flux into the module with different TIMs. As evident from Eq. (2), decreases in the V OC as a result of thermal contact resistance degrade power output for the modules as this resistance represents a significant source of thermal parasitic loss at the system level.
The measured efficiency as a function of output current for various interface conditions is shown in Fig. 10 . Relative to a condition in which no TIM is applied, the maximum TE efficiency increases by 35% when a single-sided CNT copper film is applied and by 60% when a double-sided film is applied. Furthermore, relative to a bare copper foil, the addition of CNTs to one and both sides of the foil increases the maximum efficiency by 10% and 25%, respectively, indicating that the presence of vertically oriented CNTs on copper foil has a significantly positive influence on TE module performance. CNF arrays on graphitic foil were also measured with this technique, however, no positive influence on TE performance was observed.
The high pressure (2.45 MPa) during the test is likely to cause buckling of the CNTs. Maschmann et al. used a digital image correlation analysis to show that the deformation modes of a CNT array include bending, crushing, and bottom-up buckle accumulation [39] . Lin et al. found a 70% decrease in thermal conductivity due to the breakdown of the outer shell of MWCNTs as a result of buckling [25] . In the current study, buckling was observed via FESEM imaging of nanostructures under axial load and after the high pressure testing. However, buckling of some CNTs causes more engaged CNTs in contact with the opposing substrate. We maintain that the dominating factor in our measurement is the contact area of the nanostructures on the opposing substrate.
The thermal contact resistance values were measured using the PA technique to provide a basis of comparison with the previous results. The contact resistance of each material was evaluated in a configuration where the TIM was pressed against a 25-μm-thick silver foil at contact pressures of 34, 137, and 276 kPa and at room temperature. Thermal contact resistance as a function of contact pressure using the PA technique is shown in Fig. 11 . At a contact pressure of 276 kPa, the thermal interface resistance is 36 mm 2 K∕W for bare copper foil, 27 mm 2 K∕W for a single-sided CNT film on copper foil, 24 mm 2 K∕W for no TIM, and 17 mm 2 K∕W for a double-sided CNT film on copper foil.
The results show a decrease in thermal resistance due the presence of CNTs compared to the lack of CNTs on copper foil. The resistance values for no TIM are lower than may be expected; however, we attribute the low values attained with no TIM to the nature of the opposing substrate used in the test. The silver foil has very low surface roughness and is much more flexible than a solid surface, leading to an inherently different interface topology. When the silver foil is pressed directly against a solid copper block, the foil may conform to microscopic surface asperities. This effect will lead to a lower thermal interface resistance compared to a configuration in which the silver foil is pressed against a copper foil, another relatively thin and flexible material. Two solid surfaces in contact, as found in most engineering applications, will behave differently. Relative to a bare copper foil, the reduction in contact resistance due to a doublesided CNT TIM is 50% at a contact pressure of 276 kPa, whereas the corresponding increase in TE module efficiency is 25% at a pressure of 2.45 MPa. Because of limitations associated with the microphone used in the PA technique, tests could not be performed at pressures above 276 kPa; however, we expect the contact resistances to decrease further with increasing pressure due to increased engaged area.
The resistance values in this study are approximately 1.5 to 2 times higher than those in a similar PA technique study in [14] . Currently, the reason for the discrepancy is not clear; however, there are important differences between the two studies. The copper substrate thickness in this study is 100 μm, the CNT height is 10 μm, and the CNT diameter is 6 nm. In the reference, the corresponding parameters are 10 μm thickness, 50 μm height, and 20 nm diameter. The volume fraction was not able to be compared. Because of the effective thermal conductivity and the surface roughness of the opposing substrate, an optimal CNT height exists in each application.
Graphitic foil was also tested with the PA technique, with and without CNFs. The bare graphitic foil caused an interface resistance of 72 mm 2 K∕W at 276 kPa, and no improvement in performance was observed with the addition of CNFs. CNFs have significantly lower thermal conductivity than CNTs on the order of 10 W∕mK [40] . As shown in Fig. 3 , the CNF array on graphitic foil is visibly less aligned than the CNT array on copper foil, reinforcing the idea that nanostructure alignment is an important characteristic for creating contact area and reducing contact resistance. A synthesis recipe specific to graphitic materials may be developed in the future to yield CNT arrays on this substrate.
The two measurement techniques used exhibit clear differences; therefore, more than a qualitative comparison of measured data may not be appropriate. In addition to the different contact pressures, the material opposing the CNTs in the PA technique was relatively thin and flexible compared to the opposing surface used in the TE efficiency testing. Despite these differences, both techniques illustrate the beneficial role that the vertically aligned CNT arrays play in reducing thermal contact resistance and thus increasing TE module efficiency.
IV. Conclusions
The study herein has shown a significant decrease in thermal interface resistance due to the presence of carbon nanotube (CNT) arrays on both sides of copper foil, accompanied by a significant increase in efficiency when applied to the hot side of a standard thermoelectric (TE) module. A film with CNTs on one side of copper foil leads to an increase in efficiency of the TE module, which increases further when a double-sided CNT film is applied. The thermal interface resistance of a copper foil with CNTs on both sides is 17 mm 2 K∕W, which corresponds to a 60% relative increase in TE module efficiency compared to a condition with no interface material and a 25% relative increase in efficiency compared to a bare copper foil. The thermal interface resistance of the graphitic foil substrate with carbon nanofiber (CNF) arrays was the highest of all samples tested. However, poor performance was likely because the thermal conductivity of CNFs is relatively low. Also, a qualitative inspection of the field emission scanning electron microscope (FESEM) images reveals nonideal density, alignment, and height uniformity characteristics. The synthesis recipe for graphitic foil may be adjusted to yield CNT arrays that lead to lower thermal interface resistance. The thermal resistance values that were measured in this study were on par with others in the literature, and further optimization of the CNT thermal interface materials (TIMs) could bring the values to a lower level.
The mechanical characteristics of the CNT TIMs may be more suitable for high temperature applications than commercial TIMs. In the future, efficiency testing should be performed with CNT TIMs on both the hot side and cold side of the TE module at moderate pressures. Also, efforts should be taken to understand the behavior of CNT TIMs at elevated temperatures, including interface characterization at temperatures upward of 1000°C with repeated thermal cycling. A limited number of thermal and humidity cycling studies have been performed on conventional TIMs. Increased stability at high temperatures may result from chemically doping the CNT arrays. In the long term, application-oriented studies should be performed to understand the feasibility of incorporating the CNT TIMs into fully engineered systems.
